i) has been inferred by the sensitivity of various physiological pathways to zinc chelators such as N,N,N=,N=-tetrakis(2-pyridylmethyl) ethylenediamine (TPEN) and/or associations with changes in nonprotein-bound zinc-sensitive fluorophores. Although we (44) reported that LPS-induced apoptosis in cultured sheep pulmonary artery endothelial cells (SPAEC) was exacerbated by TPEN, 1) we did not detect acute (30 min) changes in [Zn] i, and 2) it is unclear from other reports whether LPS increases or decreases [Zn] i and whether elevations or decreases in [Zn] i are associated with cell death and/or apoptosis. In the present study, we used both chemical (FluoZin-3 via live cell epifluorescence microscopy and fluorescence-activated cell sorting) and genetic (luciferase activity of a chimeric reporter encoding zincsensitive metal-response element and changes in steady-state mRNA of zinc importer, SLC39A14 or ZIP14) techniques to show that LPS caused a delayed time-dependent (2-4 h) decrease in [Zn] i in SPAEC. A contributory role of decreases in [Zn] i in LPS-induced apoptosis (as determined by caspase-3/7 activation, annexin-V binding, and cytochrome c release) in SPAECs was revealed by mimicking the effect of LPS with the zinc chelator, TPEN, and inhibiting LPS-(or TPEN)-induced apoptosis with exogenous zinc. Collectively, these are the first data demonstrating a signaling role for decrease in [Zn] i in pulmonary endothelial cells and suggest that endogenous levels of labile zinc may affect sensitivity of pulmonary endothelium to the important and complex proapoptotic stimulus of LPS. pulmonary endothelium; lipopolysaccharide INTRACELLULAR ZINC ([Zn] i ) is maintained within a narrow range (100 to 500 M) across numerous cell types and species by the coordinate activity of a large family of Zn importers (SLC39A1-14 or ZIP1-14) and transporters (SLC30A1-10 or ZnT1-10), intracellular storage vesicles, and Zn-binding proteins (12, 17) . Like iron (and other divalent cationic metals), it is considered a trace element because its labile concentration is vanishingly small with estimates between 10 Ϫ9 M (11, 33) to 10 Ϫ12 M (7). Depending on the species, zinc is associated with 3-10% of the genome (1) and in humans is an essential component of more than 300 enzymes, 2,000 transcription factors, and a large number of receptors, cytoskeletal proteins, and other potential regulatory targets (8). As such, the labile pool of [Zn] i has been considered in the context of intracellular signal transduction including pathways of cell growth, death and differentiation and inflammation, as well as contraction and secretion. Although difficult to quantify, this labile pool is operationally defined as the intracellular zinc compartment chelated by molecules such as N,N,N=,N=-tetrakis(2-pyridylmethyl)ethylenediamine (TPEN) and/or detected by nonprotein-bound zinc-sensitive fluorophores (including FluoZin-3).
INTRACELLULAR ZINC ([Zn] i ) is maintained within a narrow range (100 to 500 M) across numerous cell types and species by the coordinate activity of a large family of Zn importers (SLC39A1-14 or ZIP1-14) and transporters (SLC30A1-10 or ZnT1-10), intracellular storage vesicles, and Zn-binding proteins (12, 17) . Like iron (and other divalent cationic metals), it is considered a trace element because its labile concentration is vanishingly small with estimates between 10 Ϫ9 M (11, 33) to 10 Ϫ12 M (7) . Depending on the species, zinc is associated with 3-10% of the genome (1) and in humans is an essential component of more than 300 enzymes, 2,000 transcription factors, and a large number of receptors, cytoskeletal proteins, and other potential regulatory targets (8) . As such, the labile pool of [Zn] i has been considered in the context of intracellular signal transduction including pathways of cell growth, death and differentiation and inflammation, as well as contraction and secretion. Although difficult to quantify, this labile pool is operationally defined as the intracellular zinc compartment chelated by molecules such as N,N,N=,N=-tetrakis(2-pyridylmethyl)ethylenediamine (TPEN) and/or detected by nonprotein-bound zinc-sensitive fluorophores (including FluoZin-3).
In contrast to the role of zinc in the central nervous, immune, reproductive, gastrointestinal, and/or endocrine systems, considerably less is known about zinc in the lung. It is noteworthy that zinc deficiency (via dietary manipulations) in experimental animals exacerbates lung injury secondary to hyperoxia (46) , cecal ligation and puncture (31) and alcohol (26) . In an analogous fashion to calcium, however, most studies assessing a role for [Zn] i in pulmonary endothelium (and other organs and cell types) have focused on transient elevations in [Zn] i and associations with peroxide-induced cell death (44, 52) and contraction (5) . A recent report (30) , however, noted for the first time that a decrease in [Zn] i may be a critical signaling component in the context of LPS-induced maturation of cultured mouse dendritic cells. We (44) noted that TPEN caused a dose-dependent increase in spontaneous apoptosis in pulmonary endothelium and that TPEN exacerbated LPS-induced apoptosis in cultured sheep pulmonary artery endothelial cells (SPAEC), a phenomenon noted by others (7) in cytokine and lipid-induced apoptosis in cultured systemic endothelium. Nonetheless, in our original study (44), we were not able to detect LPS-induced acute (30 min) changes in [Zn] i . Others (20) have reported that LPS actually acutely increases [Zn] i in human leukocytes and that hydrogen peroxide-induced increases in [Zn] i are associated with apoptosis in fetal SPAEC (51) . Accordingly, we sought to determine whether LPS-induced changes in [Zn] i occurred somewhat later (2-4 h) after exposure of SPAEC to a proapoptotic stimulus of LPS (23) (24) (25) and whether changes in [Zn] i were necessary and sufficient to mediate LPSinduced apoptosis in SPAEC. As decreases in trace metals can be subtle and subject to artifact, we utilized multiple chemical (live cell fluorescence; fluorescence-activated cell sorting, FACS) and genetic [chimeric reporter-encoding zinc-sensitive region of metal-responsive element (MRE) fused to luciferase; steady-state mRNA levels of ZIP14] detection systems. The ability of TPEN to mimic the effect of LPS-induced apoptosis and rescue of LPS phenotype with exogenous zinc is consistent with a central role for decreases in [Zn] i and LPS-induced apoptosis in SPAEC.
MATERIALS AND METHODS
Isolation and culture of SPAECs. SPAECs were cultured from sheep pulmonary arteries obtained from a nearby slaughterhouse as previously described (24) . Early passage cells were sorted to homogeneity on the basis of uptake of fluorescence-labeled 1,1=-dioctadecyl-3,3,3=,3=-tetramethylindocarbocyanine-labeled acetylated lowdensity lipoprotein and subcultures were routinely monitored for platelet endothelial cell adhesion molecules (CD31) expression to assure endothelial phenotype and purity. The SPAECs were grown in OptiMEM (GIBCO, Grand Island, NY) supplemented with 10% fetal bovine serum, 100 U/ml penicillin, and 100 g/ml streptomycin at 37°C in an atmosphere with 5% CO2.
Treatments. Zinc, TPEN, pyrithione, and LPS solutions were prepared fresh from zinc chloride, TPEN, mercaptopyridine N-oxide sodium salt, and Escherichia coli 0111:B4, respectively (SigmaAldrich, St. Louis, MO).
Fluorescence microscopy. SPAECs were cultured on Lab-Tekchambered 1.0 borosilicate coverglass slides (Naperville, IL). Cells were exposed to LPS (100 ng/ml in each well per time point, 0.5 to 4.0 h) or TPEN (2 M, 4 h). After treatment, cells were washed (2ϫ) with HBSS (Ca 2ϩ /Mg 2ϩ ) and incubated (37°C; 20 min) with 2-5 M FluoZin-3 AM (Molecular Probes, Eugene, OR) and equal volume of Pluronic F-127 (Invitrogen, Carlsbad, CA) in HBSS (Ca 2ϩ /Mg 2ϩ ). Subsequently, cells were washed (2ϫ) with HBSS (Ca 2ϩ /Mg 2ϩ ) and immediately imaged in the presence of HBSS (Ca 2ϩ /Mg 2ϩ ) for each time point. All recordings were performed at room temperature (20 -25°C). Cells were imaged using a Nikon TE2000E equipped with a ϫ40 1.3 NA oil-immersion objective, Lambda DG4 wavelength switcher, and xenon light source (Sutter Instrument, Novato, CA), charge-couple device camera (Cool-SNAP HQ; Photometrics, Tucson, AZ), and NIS-Elements software (Nikon, Melville, NY). FluoZin-3 was excited at 488 nm, and emission was detected using a 505-550-nm bandpass filter. Cells were randomly selected for each time point (0.5-4.0 h), and the mean fluorescence intensity (MFI) was quantified from the region of interest of all randomly selected cells per time point. Background subtraction was performed on all images before quantitation.
Flow cytometry. Quantification of relative changes in [Zn]i was also performed via flow cytometry (9) . SPAECs were incubated (37°C; 20 min) with 2-5 M FluoZin-3 AM ester (Molecular Probes) with Pluronic F-127 (equal volume) (Invitrogen) in HBSS (Ca 2ϩ /Mg 2ϩ ) (Invitrogen). LPS-treated cells were rinsed in PBS, trypsinized, and centrifuged at 1,500 revolution/min for 5 min. The cell pellet was resuspended with PBS containing 100 g/ml propidium iodide (PI) and incubated (37°C; 15 min) in the dark. In a separate series of experiments, phosphatidylserine (PS) externalization was determined with an annexin-V-FITC apoptosis detection kit (Biovision, Mountain View, CA). LPS-treated cells were rinsed in PBS, trypsinized, and centrifuged at 1,500 revolution/min for 5 min. The cell pellet was resuspended in 300 l binding buffer and supplemented with 3 l of FITC-annexin-V and 3 l of PI and incubated (room temperature; 15 min) in the dark. In some experiments, cells were treated with pan-caspase inhibitor Z-Val-Ala-Asp-fluoromethylketon (Z-VAD-FMK) (Calbiochem, Gibbstown, NJ) at 30 M for 1 h and then treated with LPS (100 ng/ml) or buffer (control). Flow cytometric analysis was performed using a FACSCanto (BD Biosciences, San Jose, CA). For each sample 10,000 events were recorded and analyzed.
Transient transfections and luciferase assays. SPAECs (80 -90% confluence) were transfected with 0.6 g of a luciferase reporter construct driven by four MRE tandem repeats (pLuc-MCS/MRE) and 0.15 g of pSV␤-galactosidase containing E. coli lacZ gene reporter construct (Promega, Madison, WI) using lipofectamine and PLUS reagents (Invitrogen) (9) . Cells were lysed, and luciferase assay was performed using the Luciferase Assay System (Promega). Relative light units were determined in a TD-20/20 luminometer (Turner Designs, Sunnyvale, CA). ␤-Galactosidase assay was performed using ␤-galactosidase Enzymes Assay System (Promega). Absorbance was read at 420 nm with a plate reader (Perkin-Elmer, Waltham, MA). Results were expressed as a ratio of firefly luciferase activity to ␤-galactosidase activity.
Accumulation of cytochrome c in cytosol. Translocation of cytochrome c (cyt c) was examined by Western blot. After LPS (100 ng/ml) treatment, SPAECs were harvested and resuspended in lysis buffer containing 250 mM sucrose, 20 mM HEPES-potassium hydroxide (pH 7.5), 10 mM potassium chloride, 1.5 mM magnesium chloride, 1 mM EDTA, 1 mM EGTA, 1 mM dithiothrestol, 1 mM PMSF, 1 mg/ml aprotinin, 1 mg/ml leupeptin, and 0.05% digitonin for 3 min on ice, then centrifuged at 8,500 g for 5 min. The resulting cytosolic supernatants were subjected to 12% SDS-PAGE and transferred to a nitrocellulose membrane that was probed with mouse antibodies against cyt c (BD Pharmingen, San Diego, CA) or ␤-actin (Sigma-Aldrich), followed by horseradish peroxidase-coupled detection.
Caspase-3/7 assay. SPAECs were seeded on a 96-well (BD Falcon, white/clear bottom) plate. After treatment, cells were incubated (room temperature; 1 h) with luminescence Caspase-Glo 3/7 substrate (Promega). Luminescence was measured using a plate reader (PerkinElmer).
Viability assay. In addition to FACS analysis of PI, viability of SPAECs was determined by quantifying reduction of a fluorogenic indicator Alamar Blue (Biosource, Camarillo, CA). Oxidized Alamar Blue is taken up by cells and reduced by intracellular dehydrogenases, and the water-soluble changes in fluorescence emission (590 nm) are utilized as an index of viability (44) .
RNA isolation and real-time RT-PCR.
Total RNA was isolated using RNAqueous-4PCR Kit (Ambion, Austin, TX) from untreated and treated SPAECs and DNase I (Ambion) treated to remove genomic DNA contamination and quantified by measuring absorbance (260 nm). Total RNA was reverse transcribed using iScript (BioRad, Hercules, CA) according to manufacturer's instructions. The cDNA was amplified by real-time PCR using TaqMan Gene Expression Assays (Applied Biosystems, Foster City, CA).
Primer design and PCR amplification efficiency. For most zinc importers and transporters, gene ovine sequences are not available, but these genes are conserved across bovine and human species (13) . Bovine zinc importers and transporters gene sequences were blasted against the ovine genome using ovine genome browser version 1.0 (www.livestockgenomics.csiro.au), and primers were designed from bovine sequence (on the basis of conserved regions) using PrimeTime qPCR (IDT DNA Technologies, Coralville, IA). Housekeeping primers were designed from ovine glucose-6-phosphate dehydrogenase (G6PD) sequence (NCBI database) using PrimeTime qPCR (IDT DNA technologies). Amplification efficiency (E) was calculated for each gene from the slope of the dependence of amplification cycle vs. RNA concentration after running serial dilutions of RNA using the formula E ϭ [10 (Ϫ1/slope) Ϫ 1] ϫ 100. Statistical analysis. Data are expressed as means Ϯ SE. Statistical analysis was performed using Student's t-test or one-way or two-way ANOVA with post hoc comparisons to determine whether the mean of each treatment is different from the untreated cells (control). An ␣ of P Ͻ 0.05 was considered statistically significant. All statistics were performed using GraphPad Prism version 5 (GraphPad, San Diego, CA). Fig. 2A) . The MFI is calculated for the three experiments at each time point and reported in Fig. 2B . In agreement with the imaging data shown in Fig. 1 , the FACS data ( Fig. 2A) showed a timedependent leftward shift in MFI, indicative of an LPS-induced decrease in [Zn] i . During the 4-h period of this experiment, cell viability was Ͼ93% (data not shown) as ascertained by PI in either control or LPS-treated SPAEC. Although it appears that a somewhat earlier decrease in [Zn] i was apparent by FACS (Fig. 2B) vs. live cell imaging (Fig. 1D) , an additional time delay in FACS (e.g., trypsinizing, centrifugation, injection on FACS) makes direct temporal comparison between the two methods challenging.
RESULTS

LPS causes a decrease in [Zn
LPS decreased [Zn] i , as revealed by activity of a zincsensitive genetically encoded chimeric reporter. As an alternative to fluorescence detection of changes in [Zn] i , we used a genetic approach and monitored the activity of a highly selective zinc-sensitive chimera (9) . SPAECs were transiently cotransfected with pLuc-MCS/MRE and pSV␤-galactosidase. The former plasmid expresses the reporter gene luciferase under the control of tandem repeats of the exclusively zincsensitive MREs. ␤-Galactosidase activity was measured to account for any differences in transfection efficiency. As shown in Fig. 3A , there was a significant decrease in relative luciferase activity in SPAEC exposed to LPS for 4 h. As was noted above in fluorescence-based experiments, cell viability (as determined by Alamar Blue) was Ͼ92% in cells transfected with above plasmids with or without addition of LPS (Fig. 3B) .
LPS (and decreases in [Zn] i ) upregulates SLC39A14 (ZIP14) mRNA expression. We surveyed the effect of LPS on steady-state mRNA of several representative zinc transporters (ZnT 1, 4, and 6) and importers (ZIP 6, 8, 10, and 14) . Using real-time PCR, in two subcultures of SPAEC (one of which is shown in Fig. 4A ), we noted detectable levels of all of three transporters and four importers. Only ZIP14 appeared to be affected by 4 h of LPS (Fig. 4A) , and accordingly we expanded our studies on ZIP14 or SLC39A14. We noted that ZIP14 expression (normalized to the housekeeping gene, G6PD) was not affected by exogenous zinc (in the presence of the zinc ionophore, pyrithione) but was increased approximately fivefold by LPS (Fig. 4B) . The effect of LPS was abolished by the addition of exogenous zinc (Fig. 4B) , suggesting that LPSinduced increases in ZIP14 mRNA may be secondary to the decreases in [Zn] i as shown above (Figs. 1-3 ). This was supported by the sensitivity of ZIP14 mRNA to TPEN, an effect, in itself, that was reversible with exogenous zinc (Fig.  4C) . Indeed TPEN could augment the effect of LPS on increases in ZIP14 mRNA when administered simultaneously (data not shown).
LPS initiates apoptosis via an intrinsic mitochondria-dependent pathway. We previously (25) reported that 100 ng/ml LPS caused DNA damage at 4 h in SPAEC as revealed by nuclear morphology, in situ labeling by break extension, and internucleosomal DNA fragmentation. To confirm that LPS caused apoptosis in SPAEC, we used FACS analysis of annexin-V binding and showed (Fig. 5A ) that there was a time-dependent increase in annexin-V-positive (and PI-negative) SPAEC over 24 h. LPSinduced annexin-V binding was sensitive to Z-VAD, a pancaspase inhibitor, from 4 -24 h, consistent with a process of apoptosis (Fig. 5A ). This process appeared to be intrinsic mitochondria-dependent because cytosolic cytochrome increased in a time-dependent fashion after LPS (Fig. 5B) . Accordingly, we studied the effects of [Zn] i on early (4 h) aspects (e.g., caspase-3/7 activation, see below) of LPS-induced apoptosis in SPAEC.
LPS-induced decreases in [Zn] i contribute to apoptosis in SPAEC.
As previously reported (23) (24) (25) , acute treatment (4 h) with LPS did not affect cell viability as determined by Alamar SPAECs were transiently cotransfected with pLuc-MCS/4MREa (0.6 g) and pSV␤-galactosidase (0.15 g). 24 h after transfection, cells were treated with or without LPS (100 ng/ml) for 4 h in the presence of serum (10%) and subsequently assayed for luciferase and ␤-galactosidase (␤-Gal) activity 4 h posttreatment. A significant decrease in luciferase activity was observed in LPS-stimulated cells with viability greater than 92%. Luciferase activity is expressed as a ratio of firefly luciferase (pLucMRE) activity to ␤-galactosidase activity. Data represent means Ϯ SE of luciferase activity of samples measured in triplicate for 9 independent experiments (*P Ͻ 0.05; independent, two-tailed t-test). B: cell viability was assessed by Alamar Blue. Alamar Blue fluorescence was measured as an index of viability 4 h post-LPS treatment. Data represent Alamar Blue fluorescence (% of control) measured in triplicate.
Blue (Fig. 6A or PI, data not shown), In Fig. 6B , we note that LPS caused a significant increase in caspase-3/7 activity at 4 h. Although zinc (in the presence of pyrithione), by itself, did not affect caspase-3/7 activity, it did rescue the effect of LPS on caspase-3/7 activity, consistent with our hypothesis that decreases in [Zn] i contributed to LPS-mediated apoptosis. This was further confirmed by noting that a concentration of TPEN (2 M) sufficient to greatly reduce [Zn] i as ascertained by FluoZin-3 (Fig. 1C) was sufficient to cause comparable increases to LPS in caspase-3/7 activity, and the effect of TPEN was sensitive to exogenous zinc (Fig. 6C) . We (44) previously Fig. 6 . LPS activates caspase-3/7 in a zinc-dependent fashion. A: lack of effect of LPS (or exogenous zinc) on cell viability in SPAEC. Cell viability was assessed by Alamar Blue. Data represent means Ϯ SE of Alamar Blue fluorescence (% of control) of samples measured in triplicate for 4 independent experiments. B: LPS activates caspase-3/7 in SPAEC. SPAECs were treated with LPS (100 ng/ml) or HBSS (Ca 2ϩ /Mg 2ϩ ) for 4 h, and caspase-3/7 activity was measured as described. Data represent means Ϯ SE of caspase-3/7 activity (fold over control) of samples measured in triplicate for 4 independent experiments. C: zinc chelation activates caspase-3/7 activity in SPAEC. SPAEC were treated with TPEN (2 M) with and without 5 M zinc added to medium for 4 h, and caspase-3/7 activity was measured as described. Data represent means Ϯ SE of caspase-3/7 activity (fold over control) of samples measured in triplicate for 4 independent experiments. a P Ͻ 0.001 compared with control;
b P Ͻ 0.01 compared with LPS treatment (B) or TPEN (C) by 1-way ANOVA-Tukey. ascribed such a TPEN-sensitive effect to a process of apoptosis in SPAEC.
DISCUSSION
To examine the function of zinc homeostasis in pulmonary endothelial cell apoptosis, we exposed SPAECs to LPS (100 ng/ml) for 4 h and then monitored changes in [Zn] i by chemical (labile zinc fluorophore, FluoZin-3) and genetic approaches (zinc-sensitive chimeric reporter and ZIP14 mRNA) assays. Epifluorescence microscopy (Fig. 1) revealed that LPS causes a decrease in [Zn] i in live cells that was significant at 2 h. This was confirmed in a larger number of cells by complementary methodology of flow cytometry (Fig. 2) . Additional confirmation of LPS-induced decreases in [Zn] i was achieved by nonchemical genetic approaches (Figs. 3 and 4) . The functional significance of LPS-induced decreases in [Zn] i was revealed by the ability of exogenous zinc to rescue LPS-induced activation of caspase-3/7 (Fig. 6B) .
Labile [Zn] i and signal transduction. The role of labile [Zn] i in signal transduction is an emerging area in cell biology (21, 22, 8) and is fostered in part by 1) intricacies of zinc homeostasis including a large family of importers, transporters and binding proteins (34) ; 2) extraordinary large number of potential regulatory targets [ϳ3-10% of genome; (1)]; 3) association of chronic (and rare) disorders with altered zinc homeostasis secondary to mutations/variants in zinc importers and transporters and/or interactions with altered zinc nutritional status (15) ; and 4) facileness of inorganic chemistry and coordination dynamics of zinc in affecting protein function (6) . Major limitations in the field are the lack of 1) readily available fluorophores that are quantitative as well as specific for putative labile [Zn] i (28, 29) and 2) zinc-specific chemical chelators. Although progress has been made in both these areas (53) , many studies define labile [Zn] i as that compartment that can alter relative fluorescence of a variety of zinc-sensitive fluorophores (including FluoZin-3) and is sensitive to chelation by membrane-permeant compounds such as TPEN. In this regard, advantageous features of FluoZin-3 include its selectivity (K d ϭ 15 nM) for zinc (e.g., magnesium, calcium, and iron do not bind to the dye at concentrations well above what these cations may reach inside mammalian cells) (14, 57) . Binding of FluoZin-3 to labile zinc is unaffected by low intracellular pH or oxidants (14, 27) . Nonetheless, it is a nonratiometric dye, and thus issues of loading, bleaching, and lack of quantitative calibration persist. Furthermore, as with all detectors of this nature, one has to introduce a potential new buffer (of zinc). As such, we took extra steps to confirm relative changes using microscopy ( Fig. 1) and FACS (Fig. 2; to recruit large number of cells) as well as genetic (Fig. 3 : pLucMSC/MRE; Fig. 4 : mRNA ZIP14) to increase our confidence that LPS caused a decrease in [Zn] i .
LPS and [Zn] i . Most studies examining a signal transduction role for labile [Zn] i followed the paradigm of calcium homeostasis, the other major intracellular nonredox active divalent cation, and looked for rapid and large increases secondary to extracellular flux or more often attributable to release from intracellular stores (54) . In the case of LPS-treated pulmonary endothelial cells, we initially (44) did not detect changes in labile [Zn] i 30 min post-LPS treatment. In the present study, there were no changes up to 2 h (Fig. 1) (Fig. 3) , and we suggest it may be important for the signaling events associated with cell death and apoptosis. The mechanism underlying this delayed LPS-mediated decrease in labile [Zn] i remains unclear. It is possible that an imbalance attributable to changes in members of ZnT or ZIP families might underlie our observations, but we did not detect LPS-induced increases in mRNA in the former or decreases in the latter group, respectively. Indeed, it appears that ZIP14 mRNA increased (Fig. 4, A and B) , presumably secondary to a decrease in labile zinc (as it was mimicked by TPEN, Fig. 4C ), suggesting a possible important feedback loop in which ZIP14 expression (perhaps via zinc-sensitive promoter regions) is modulated to maintain [Zn] i homeostasis. Present available information on regulation of Zip14 expression (19) is limited to the role of IL-6 (34) and IL-1 (35) in hepatocytes with an obligatory contribution of NO signaling (via action potential-1) affecting ZIP14 expression. We did not examine the potential of such autocrine effects to LPS in our system. It is possible that LPS affected ZnT or ZIP family members at a posttranslational level, but the limited availability of antibodies and the lack of electrophysiological assessment of zinc transport make such studies challenging.
Zinc and cell death. Zinc has been a primary antiapoptotic molecule since the process of apoptosis was described (10) . Subsequently earlier and more subtle zinc-sensitive targets including caspase-3 (40) and poly(ADP-ribose)polymerase (43) emerged as candidates for such antiapoptotic activity of zinc. A detailed examination in HL60 cells by Duffy et al. (16) provided convincing evidence that decreases in intracellular zinc preceded early indicators of apoptosis in transformed human promyelocytic cell (HL60). We (44) and Virag et al. (50) both concluded that high levels of intracellular zinc contributed to necrosis and that low levels were proapoptotic. Nonetheless, in dendritic cells, modest (Ͻ100 M) levels of exogenous zinc activated acid sphingomyelinase, leading to production of ceramide and apoptotic cell death (1). In fetal SPAEC, hydrogen peroxide-induced increases in zinc were associated with apoptosis, and this effect was blunted by zinc chelators including TPEN or overexpression of metallothionein (51) . This suggests that some effects of zinc and apoptosis are cell specific and/or dependent on developmental stage. As has been shown in systemic endothelium using different proapoptotic stimuli (7), in LPS-treated SPAEC, TPEN exacerbates apoptosis (44) and exogenous zinc can rescue this phenotype (Fig. 6B) . In the more complex scenario in which NO is introduced into the milieu of LPS-treated SPAEC, we (45) noted that NO-mediated resistance to LPS was Zn dependent, suggesting that elevations in labile [Zn] i secondary to either influx from extracellular sources or chemically mediated release of zinc, perhaps from metallothionein (42), can produce LPS-resistant phenotypes.
Zinc and acute lung injury. Zinc deficiencies increase the susceptibility of experimental animals to hyperoxic (46) , alcohol-induced (26) , and sepsis-induced (31) lung injury. We (32) and others (56) have reviewed the role of zinc in acute lung injury, and the majority of our insight is related to airway epithelium (6, 47, 48) . The proximity of a labile pool of zinc and procaspase-3 in ciliary basal bodies of airway epithelium and the ability of TPEN to cause apoptosis or exacerbate other proapoptotic stimuli provided support for an antiapoptotic role of labile zinc (8, 18, 49) in airway epithelium. Further details of an antiapoptotic role for zinc in human airway epithelium were provided by Bao and Knoell (2, 3) , who reported that zinc depletion exacerbated apoptosis and decreased barrier function secondary to Fas antibody, TNF-␣, and IFN-␥. These authors extended these studies to show that zinc depletion augmented acute lung injury (including apoptosis, enhanced inflammation, altered innate immunity) in polymicrobial sepsis in mice (4, 31) . Collectively, these reports underscore the importance of zinc metabolism in the airway and lung and suggest that zinc supplementation may be of therapeutic utility, and further insights into zinc homeostasis may reveal critical aspects of pathogenesis in acute and chronic lung disorders (55) .
Our findings show for the first time that a decrease in labile zinc in pulmonary endothelium is an important signaling event in LPS-induced apoptosis. Along with the report of Kitamura et al. (30) , it suggests that such a change in labile [Zn] i may be an important mechanism by which cells respond to exogenous stimuli such as LPS. Critical future efforts should be directed toward understanding the mechanism by which [Zn] i decreases, the cellular targets affected by such a decrease, and the overall physiological processes (in addition to apoptosis) that occur in the setting of LPS and pulmonary endothelium.
